Introduction {#s1}
============

The isolation and identification of a microorganism is the gold standard for demonstration of the etiology of an infectious disease. This general rule applies also to Lyme borreliosis (LB), where the cultivation of borreliae from clinical specimens is a time-consuming procedure with limited sensitivity. The isolation rate of *Borrelia* spp. from human specimens depends on the laboratory approaches to cultivation and isolation, and on several clinical factors such as the accuracy of LB diagnosis, the clinical manifestation of the disease, and the source, quality, and quantity of specimens obtained for cultivation. The isolation rate is highest for skin specimens of erythema migrans (EM) lesions. In series including \>100 patients with EM, published during the past 15 years, the isolation rate has been 43--60% \[[@B1]--[@B7]\].

The large numbers of patients with EM seen at our LB outpatient clinic and the high proportion of patients who consent to skin biopsy have enabled insight into associations between clinical characteristics and positive skin culture results.

Patients and Methods {#s2}
====================

Ethic statement {#s2.1}
---------------

The approach to the management of patients that enabled collection of data for the present report was approved by the Medical Ethics Committee of the Ministry of Health of the Republic of Slovenia (No 38/05/06). The investigation was conducted according to the principles expressed in the Declaration of Helsinki. Signed written informed consent was obtained from all study participants.

Patients {#s2.2}
--------

All patients \>15 years old, examined for EM at the LB outpatient clinic of the Department of Infectious Diseases, University Medical Center Ljubljana, Slovenia, between 2005 and 2008, were evaluated for participation in the study. The large majority were referred from general physicians. Patients who had other obvious clinical explanations for their skin lesions, such as reaction to insect bites, fungal skin infections, contact eczema, folliculitis, cellulitis, or fixed drug eruption, were not eligible for participation. Patients were diagnosed with EM according to the Slovenian definition ([Table 1](#pone-0082132-t001){ref-type="table"}) \[[@B10]\]. Several patients with lesions ≥5 cm who did not recall expansion (usually because they noticed the lesion only recently) but who fulfilled all the other criteria were also included in the analysis.

10.1371/journal.pone.0082132.t001

###### Main characteristics required for the diagnosis of erythema migrans skin lesions according to differing case definitions.

  **Requirements**                  **Definitions**                                                                 
  --------------------------------- -------------------- -------------------------------- ------------ ------------ -------
  Expansion                         \+                   \+                               \+           \+           \+
  Central clearing                  \+ (often)           \+ (often)                       \+ (often)   \+ (often)   --
  Diameter ≥5 cm                    \+                   \+ (most cases)                  \+           \-           \+
  Additional systemic symptoms      \+ (most patients)   \+ (may be present)              --           --           --
  Tick bite                         --                   \+ (risk of exposure to ticks)   \+^a^        \+^b^        \+^c^
  Delay in appearance^c^            --                   --                               \+^a^        --           \+^a^
  Delay in appearance^c^ \>2 days   --                   --                               --           --           \+^a^

+, parameter required; --, parameter not required.

^a^ Criterion required only for lesions with the largest diameter \<5 cm.

^b^ Minor criterion.

^c^ Delay in appearance after a tick bite.

At the initial visit, the history was taken and clinical examination performed. Demographic, epidemiologic, and clinical data were obtained using a structured questionnaire. Precise descriptions of the evolution of the EM, the presence of accompanying symptoms, information on previous antibiotic treatment, tick bites, and LB in the past were of special interest. In clinical examination, particular attention was paid to the skin lesion and other signs potentially associated with LB.

Patients were excluded if they had any other objective manifestations of LB in addition to EM (such as involvement of nervous system or joints) and/or had \>1 EM lesion, it they did not consent to skin biopsy, if they had had LB previously and/or received an antibiotic with known anti-borrelial activity within 10 days prior to examination.

Data on a subset of 252 patients diagnosed with EM in 2006 (including 151 patients with isolation of borreliae from skin) have been reported for distinct purposes elsewhere \[[@B4],[@B13]\].

Skin culture of borreliae {#s2.3}
-------------------------

The skin specimen (2.5 x 2 x 2 mm) obtained from the expanding edge of the EM was placed in 10 ml of modified Kelly-Pettenkofer culture medium as described previously \[[@B14]\]. Cultures were examined weekly for the presence of spirochetes by dark-field microscopy and were interpreted as negative if no growth was established after 9 weeks.

Statistical analysis {#s2.4}
--------------------

To gain insight into potential predictors for a positive EM skin culture, we assessed differences in basic demographic, epidemiologic, and clinical data between culture-positive and culture-negative groups of patients.

Data were summarized as medians with interquartile range (IQR) for numerical variables and as frequencies and percentages for categorical variables. Logistic regression models were used to assess the association between each potential predictor and EM culture positivity, adjusting the analysis for the size of EM. Restricted cubic splines \[[@B15]\] were used to flexibly model the relationship between culture positivity and largest diameter of EM and seasonal occurrence, thus avoiding the a priori assumption of linearity (on the logit scale) between the continuous variables and culture positivity. The other numerical variables were modeled linearly. Results were presented as unadjusted and adjusted odds ratios (ORs) and *P* values.

The combined effect of the characteristics required for the diagnosis of EM (according to different case definitions) on culture positivity was evaluated using a multivariable logistic regression model.

The shape of the association between the probability of a positive *Borrelia* spp. skin culture and several numerical variables (patient age, time lapse between tick bite and biopsy, duration of the lesion prior to biopsy, the largest diameter of EM, calendar date of skin biopsy) was estimated using restricted cubic splines and univariate logistic regression; results are represented graphically.

Univariate linear regression models were also used to assess the association of size of EM with age and seasonal occurrence, using restricted cubic splines; similar models were fitted using duration of EM as outcome.

R statistical language was used for the statistical analyses \[[@B16]\].

Results {#s3}
=======

In the 4-year period 2005--2008, EM without any clinically evident extracutaneous signs of LB was diagnosed in a total of 2042 patients \>15 years old.

In this analysis we focused on 1109 patients (608 culture positive \[55%\], 501 culture negative) who fulfilled the inclusion criteria and had no exclusion criteria ([Figure 1](#pone-0082132-g001){ref-type="fig"}). The large majority of these patients were diagnosed with EM between June and October ([Figure 2](#pone-0082132-g002){ref-type="fig"}).

![ ](pone.0082132.g001){#pone-0082132-g001}

![ ](pone.0082132.g002){#pone-0082132-g002}

Comparison of culture-positive and culture-negative patients ([Table 2](#pone-0082132-t002){ref-type="table"}) showed that those with a positive *Borrelia* spp. skin culture were older (the isolation rate increased with rising age: the odds of positive culture increased about 10% for a 10-year age increase), had more frequently an interval of \>2 days between the tick bite and the onset of EM, had more often an EM ≥5 cm in diameter, had a larger diameter of the skin lesion, and had EM more often localized on the extremities than on other body sites.

10.1371/journal.pone.0082132.t002

###### Characteristics of patients with culture-positive and culture-negative erythema migrans.

  **Characteristic**                                   **Culture positive**   **Culture negative**   Unadjusted\*   Adjusted for size of EM\*\*                  
  ---------------------------------------------------- ---------------------- ---------------------- -------------- ----------------------------- -------------- ---------
  Age (years)                                          52 (40--60)            50 (36--59)            **1.10** ^α^   0.03                          **1.10** ^α^   0.03
  Male sex                                             275 (45.2%)            221 (44.1%)            1.05           0.71                          0.99           0.94
  Tick bite                                            333 (54.6%)            287 (57.3%)            0.90           0.40                          0.97           0.85
  Days from tick bite to onset of EM^a^                17 (10--29)            14 (7--27)             1.00           0.51                          1.00           0.68
  \>2 days from tick bite to onset of EM^a^            296 (94.6%)            235 (86.4%)            **2.74**       \<0.001                       **2.70**       \<0.001
  Duration of EM (days)^b^                             9 (4--30)              10 (4--23)             **0.95** ^β^   \<0.001                       **0.94** ^β^   \<0.001
  Central clearing of EM^c^                            346 (57.0%)            272 (54.3%)            1.12           0.37                          0.98           0.86
  Largest diameter of EM (cm)^d,γ^                     14 (10--21)            12 (8--23)                            \<0.001                       \--            \--
  10 vs. 5 cm                                                                                        **1.80**                                                    
  15 vs. 5 cm                                                                                        **2.95**                                                    
  20 vs. 5 cm                                                                                        **2.41**                                                    
  30 vs. 5 cm                                                                                        **1.60**                                                    
  40 vs. 5 cm                                                                                        **1.38**                                                    
  Largest diameter of EM ≥5 cm^d^                      597 (98.8%)            484 (96.6%)            **3.00**       0.02                          \--            \--
  Expansion of skin lesion (reported by patients)^e^   366 (63.0%)            287 (58.6%)            1.20           0.14                          1.12           0.40
  Ratio of EM diameters^f^                             1.53 (1.22--2)         1.46 (1.19--1.89)      1.06           0.38                          1.04           0.54
  EM on leg or arm                                     509 (84.0%)            382 (76.2%)            **1.64**       0.001                         **1.59**       0.003
  Presence of non-specific symptoms^c,g^               176 (29.0%)            147 (29.3%)            0.98           0.90                          1.00           0.99
  Presence of symptoms at EM site^g^                   287 (47.2%)            246 (49.1%)            0.93           0.53                          0.93           0.55
  Seasonal occurrence^h,γ^                                                                                          0.28                                         0.41
  July vs. April                                                                                     1.25                                         1.25           
  July vs. October                                                                                   0.98                                         0.97           
  July vs. January                                                                                   1.47                                         1.42           

Data are median (interquartile range) or number (%); EM, erythema migrans; OR, odds ratio. OR and *P* values were obtained using \*univariate logistic regression or \*\*multiple logistic regression, adjusting the analysis for the size of EM (modeled using restricted cubic splines).

^a^ Patients with history of a tick bite at the site of the EM skin lesion. The information is missing for 20 culture-positive and 15 culture-negative patients.

^b^ Information missing for 1 culture-positive patient and 2 culture-negative patients.

^c^ Information missing for 1 culture-positive patient.

^d^ Information missing for 4 culture-positive patients.

^e^ Information missing for 27 culture-positive and 11 culture-negative patients.

^f^ Information missing for 2 culture-positive patients.

^g^ Some patients had more than one symptom.

^h^ Seasonal occurrence of skin biopsy was defined as the number of days between the visit to the Lyme borreliosis outpatient clinic and January 1^st^ of the same year.

^α^ OR for 10-year increase in age.

^β^ OR for 7-day increase in EM duration.

^γ^ Restricted cubic splines were used to flexibly model the relationship between the covariate and culture positivity. Estimated ORs comparing different values are reported for descriptive purposes only.

No differences were established for several other parameters, including some that are criteria for the diagnosis of EM, such as reporting a tick bite, expansion of the skin lesion, central clearing, and the presence of systemic symptoms. After adjustment of the analysis for the size of EM, the findings of the comparisons remained similar ([Table 2](#pone-0082132-t002){ref-type="table"}).

When the characteristics required for a diagnosis of EM according to case definitions were analyzed together ([Table 3](#pone-0082132-t003){ref-type="table"}), EM ≥5 cm in diameter remained significantly associated with culture positivity (OR=2.9, *P*=0.02). Patients with a free time interval between the tick bite and onset of EM had the same probability of a positive skin culture as those who did not recall a tick bite (OR=1.02); however, both groups had \>3-fold greater odds for EM positivity than patients who reported a tick bite with no interval between the bite and onset of the lesion. Expansion of EM was associated with a 20% increase in the odds for EM culture positivity but the association was nonsignificant (*P*=0.14).

10.1371/journal.pone.0082132.t003

###### Association between the main characteristics required for the diagnosis of erythema migrans skin lesion and culture positivity, estimated using multiple logistic regression.

  **Requirements**                               **OR^a^ (95% CI)**   ***P***
  ---------------------------------------------- -------------------- ---------
  Expansion                                      1.21 ( 0.94; 1.55)   0.14
  Central clearing                               1.04 ( 0.82; 1.34)   0.73
  Largest diameter of erythema migrans ≥5 cm     2.93 (1.19; 7.20)    0.02
  Presence of non-specific symptoms              0.96 (0.74; 1.25)    0.77
  Tick bite                                                           0.07
  Bite with delay in appearance vs. no bite      1.02 (0.79; 1.31)    
  Bite without delay in appearance vs. no bite   0.29 (0.09; 0.92)    

^a^ Each odds ratio (OR) is adjusted for all the other variables in the table.

We determined the shape of the association between various numerical variables and the probability of a positive culture result. As illustrated in [Figure 3](#pone-0082132-g003){ref-type="fig"}, the probability of a positive culture markedly increased with the rising size of the largest diameter of EM up to about 15 cm, decreasing slowly afterwards. The estimated probability of a positive culture was lowest for circular lesions and highest for elliptical lesions with diameter ratios 2:1 to 3:1, although the difference was not significant ([Table 2](#pone-0082132-t002){ref-type="table"}, [Figure 4](#pone-0082132-g004){ref-type="fig"}). The probability showed a slight increase for lesions with duration up to 30 days, pronouncedly decreasing for long-lasting EMs. Borreliae were more often isolated from the skin of older patients than younger ones; there was no evidence of a non-monotonic association between age and probability of culture positivity (*P*=0.20, [Figure 3](#pone-0082132-g003){ref-type="fig"}). The probability of having a positive culture result was highest between June and October and later diminished until the next tick season ([Figures 2](#pone-0082132-g002){ref-type="fig"} and [3](#pone-0082132-g003){ref-type="fig"}), but the association between seasonality and culture positivity was not statistically significant (*P*=0.28).

![ ](pone.0082132.g003){#pone-0082132-g003}

![ ](pone.0082132.g004){#pone-0082132-g004}

To gain greater insight into some of these rather unexpected findings we also assessed characteristics of EM according to age of patients, seasonal appearance, and location of the lesion ([Figure 4](#pone-0082132-g004){ref-type="fig"}). The duration of EM prior to diagnosis increased with rising age, as did the size of the skin lesion. The proportion of patients with small and relatively short-lasting EM was highest at the end of spring and in early summer (the beginning of the tick season in Slovenia), whereas patients with large, long-lasting lesions were diagnosed during late autumn and winter ([Figure 4](#pone-0082132-g004){ref-type="fig"}).

Discussion {#s4}
==========

Diagnosis of EM is clinical. According to guidelines no microbiological verification is needed for the diagnosis \[[@B17],[@B18]\]. Nonetheless, patients who fulfill the clinical criteria and have borreliae isolated from the skin lesion represent the group with the most substantiated diagnosis. If a clinical definition lacks specificity, patients with falsely diagnosed EM will accumulate in the culture-negative group and this will most probably result in distinctions between patients with positive and negative skin cultures in at least some of the characteristics. However, in addition to misdiagnosing, several other factors may contribute to negative culture results.

As shown in [Table 1](#pone-0082132-t001){ref-type="table"}, clinical definitions of EM require several criteria to be met, the most consistent being expansion of the lesion. Although this criterion appears reasonable because it follows the natural course of EM, it cannot be always fulfilled in routine clinical practice. In the present study, 39% of patients presented with rather large skin lesions that they had noticed only recently. Thus, such lesions "did not have enough time" to enlarge noticeably and could not be formally appreciated as increasing. The problem may be more pronounced in Europe, where the majority of EM is due to *Borrelia afzelii*, a strain causing slow-growing EM lesions that are relatively infrequently accompanied by systemic symptoms, unlike the situation in North America, where the only etiologic agent is *B. burgdorferi* sensu stricto -- this lesion enlarges faster and is more often associated with pronounced systemic symptoms than EM caused by *B. afzelii* \[[@B19]\]. In the present study the numbers of patients reporting expansion of the lesion were similar in the culture-positive and culture-negative groups (63.5% vs. 58.6%, *P*=0.40), indicating that this parameter had no substantial influence on the accuracy of diagnosis in our patients.

Some clinical definitions of EM require that the lesion has a diameter ≥5 cm \[[@B8]--[@B10],[@B12]\], other definitions do not \[[@B11]\]. In the present study the odds of isolating borreliae from skin were 3 times higher for lesions ≥5 cm than for smaller ones. However, the highest rate of isolation from the expanding border of EM was established for lesions with largest diameter of about 15 cm ([Figure 3](#pone-0082132-g003){ref-type="fig"}). A patient with a 15-cm lesion had almost 3-fold greater odds for a positive skin culture than those with a 5-cm EM, i.e. the diameter used as a diagnostic criterion ([Table 1](#pone-0082132-t001){ref-type="table"}). This finding is probably due to different concentration of borreliae according to EM diameter. Quantifying borrelia burden in EM with PCR revealed that the concentration is the highest in EM lesions with a diameter of 15-20 cm and that the isolation rate goes in parallel with the burden \[[@B7]\].

According to our results, an interval of \>2 days between tick bite and onset of EM was another criterion that substantially contributed to skin culture positivity. When redness develops at the site of the attached tick (which happens in up to 1/3 persons with tick bite), the lesion most probably represents a local hypersensitivity reaction \[[@B8]\]. Such redness is usually \<5 cm in diameter and disappears within a few days. However, in some patients the lesion does not vanish but enlarges for several days to reach a diameter well over 5 cm. Such a condition could be the result of a pronounced and prolonged local hypersensitivity reaction but could also be explained as an initial nonspecific hypersensitivity reaction followed unwaveringly by EM and resulting in the absence of an interval between tick bite and onset of EM. Although -- according to our findings -- such patients had \>3 times lower odds for culture positivity than those with an interval of \>2 days ([Table 3](#pone-0082132-t003){ref-type="table"}), 31% (95% CI 20%--46%) of these patients were culture positive, suggesting that both options occur.

It is a reasonable assumption that more patients are diagnosed with EM during warm months than in cold months but it was unexpected that the *Borrelia* spp. isolation rate was highest during the high season for EM ([Figure 2](#pone-0082132-g002){ref-type="fig"}). The latter finding is associated with variable characteristics of EM during the tick season. Thus, early in the season the large majority of patients have small, short-lasting skin lesions; in contrast, in late fall, winter, and early spring patients with long-lasting and large EM, infected several weeks to months earlier, are more frequent ([Figure 4](#pone-0082132-g004){ref-type="fig"}). According to our results ([Figure 3](#pone-0082132-g003){ref-type="fig"}), both small and very large lesions are associated with a low isolation rate of borreliae.

We do not have a reliable explanation for the finding that *Borrelia* *spp.* culture-positive patients were older and had EM more often on extremities than on other body sites but would like to emphasize that these associations were established also after adjusting the analysis for the size of EM ([Table 2](#pone-0082132-t002){ref-type="table"}).

The characteristics of EM are influenced by the *Borrelia* species causing the lesion \[[@B19]--[@B21]\]. In the present study, we identified the species for a subset of 151 skin culture-positive patients \[[@B5]\] and found that 87% of the strains were *B. afzelii*, 8% *B. garinii*, and 5% *B. burgdorferi* sensu stricto. These ratios are congruent with an earlier report \[[@B14]\]. Our findings are therefore representative for (central) Europe but probably not for North America where the only *Borrelia* species causing LB is *B. burgdorferi* sensu stricto.

We emphasize that the findings presented here are limited to patients with solitary EM and may not be pertinent for the subgroups of patients with solitary EM that were excluded from our study or for patients with multiple EM and/or extracutaneous manifestations of LB.

In conclusion, our study in patients with EM has revealed that a positive *Borrelia* spp. skin culture was associated with older age, location of the lesion on the extremities, an interval of \>2 days between tick bite and onset of the lesion, and EM ≥5 cm in diameter, but not with several other factors used as a diagnostic criteria in the majority of clinical case definitions for EM such as tick bite at the site of later EM, expansion of the skin lesion, and central clearing.
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